Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 May 2023 d0i:10.20944/preprints202305.2259.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Planning and Evaluation of Nuclear-Renewable Hybrid Energy

Penetration for Marine and Waterfront Applications
Hossam A.Gabbar * and Otavio Lopes Alves Esteves 2

! Faculty of Engineering and Applied Science; hossam.gaber@ontariotechu.ca
2 Faculty of Engineering and Applied Science; otavio.lopesalvesesteves@ontariotechu.net
* Correspondence: hossam.gaber@ontariotechu.ca; Tel.: +1 9057218668

Abstract: The global trade and transportation sectors heavily rely on the maritime industry. Still, its
dependence on fossil energy sources poses significant environmental challenges and leads to unsta-
ble fuel prices that affect the cost of goods transported by sea. This paper aims to evaluate the via-
bility of seaports as energy-intensive entities and explore the feasibility of implementing a Nuclear-
Renewable Hybrid Energy System (NRHES). The study presents a case study of the Tanjung Priok
Port in Indonesia, focusing on estimating energy consumption, emissions, and the potential impact
of carbon taxation on seaport operations. By quantifying these factors, the research provides insights
into the energy requirements, environmental effects, and potential costs associated with seaport
carbon taxation. A comprehensive analysis of the technical and economic feasibility of implement-
ing an NRHES in the seaport case study is conducted, determining the optimal sizing and compo-
sition of components, considering the proportion of nuclear and renewable energy sources. Addi-
tionally, the economic analysis considers energy costs, net present cost, cash flow, return on invest-
ment, and internal rate of return. The findings aim to inform decision-makers about the benefits and
challenges of adopting an NRHES, contributing to a cleaner and more sustainable future for the

maritime industry.

Keywords: Marine Vessels; Nuclear-Renewable Hybrid Energy Systems; Waterfront Applications,
Seaports, Hydrogen Production, Energy Efficiency.

1. Introduction

The maritime industry is a critical pillar of global trade and transportation, facilitat-
ing the movement of goods and resources across the world's oceans [1]. However, this
industry's significant growth and reliance on conventional energy sources have raised
pressing environmental concerns, particularly regarding energy consumption and emis-
sions during vessel berthing in waterfront areas. The impact of these emissions on coastal
regions is a matter of great importance due to their vulnerability and the potential conse-
quences for both the environment and local communities [2].

The maritime sector heavily depends on fossil fuels, including diesel and heavy oil,
leading to substantial greenhouse gas emissions, air pollution, and contributions to cli-
mate change. Notably, the emissions generated during vessel berthing have emerged as a
significant source of pollution in coastal areas. Statistical data highlights the gravity of this
issue, with a study revealing that ships at berth can produce more pollutants per unit of
fuel consumed than when they are sailing [3]. The International Maritime Organization
(IMO) reports that around 2.5% of worldwide greenhouse gas emissions come from vessel
emissions. Coastal areas, due to their proximity to maritime operations, experience the
most significant impact from these emissions [4].

Coastal areas are renowned for their diverse ecosystems, delicate marine life, and
vibrant communities, making them highly susceptible to the adverse effects of vessel
emissions. The pollutants released during berthing, such as sulphur dioxide (502), nitro-
gen oxides (NOx), and particulate matter, can contaminate the air and water, endangering
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marine life, compromising air quality, and posing health risks to local populations [5].
Research shows that air pollution from ships contributes to respiratory diseases and car-
diovascular problems in coastal communities, impacting both human health and the nat-
ural environment [6].

Adopting cold ironing, also known as shore-to-ship power, has emerged as a crucial
mitigation strategy to address these urgent environmental challenges. Cold ironing in-
volves connecting docked vessels to the local electrical grid, allowing them to shut down
their engines and rely on clean energy sources during their stay at port. This practice re-
duces energy consumption and eliminates harmful emissions, thereby alleviating the neg-
ative impacts on both waterfront areas and coastal environments [7].

The importance of utilizing clean energy for shore power cannot be understated. Port
infrastructure is increasingly incorporating renewable energy sources like solar and wind
power to supply electricity to ships during their docking periods [8]. According to a World
Ports Sustainability Program report, several ports worldwide have already implemented
shore power facilities, resulting in significant reductions in air pollution and greenhouse
gas emissions. For example, the Port of Los Angeles in the United States estimates that
using shore power has reduced emissions by over 30,000 metric tons of greenhouse gases
and almost 200 tons of NOx since 2014. These statistics underscore the favourable effects
that clean energy solutions can bring to coastal areas, guaranteeing a more sustainable
and eco-friendly future for the maritime sector [9].

Furthermore, the concept of Nuclear-Renewable Hybrid Energy Systems (N-R HES)
has emerged as a promising approach to tackle the challenges associated with vessel emis-
sions. These systems combine nuclear energy's reliable and continuous power generation
with the flexibility and renewable attributes of sources like wind and solar. Integrating
various energy sources in a Nuclear-Renewable Hybrid Energy System can deliver a reli-
able and environmentally friendly electricity supply for cold-ironing operations. This in-
tegration helps reduce energy expenses and environmental harm. Implementing such sys-
tems can significantly improve the maritime industry's sustainability and support global
climate change efforts [10].

Implementing Nuclear-Renewable Hybrid Energy Systems (N-R HES) in seaports
faces several key challenges that need to be addressed. One significant challenge in inte-
grating nuclear and renewable energy sources into existing grid infrastructure is grid in-
tegration. Advanced grid management strategies and energy storage solutions are neces-
sary [11]. Incorporating energy storage technologies like battery systems into nuclear-re-
newable hybrid systems can enhance grid stability by up to 30%. The statistical analysis
emphasizes the importance of these measures to ensure seamless integration and optimize
system performance.

Another challenge is space constraints, particularly in seaports and waterfront areas
with limited available land. To overcome this challenge, researchers should explore com-
pact and modular designs for nuclear reactors. Additionally, innovative solutions such as
floating nuclear power plants or offshore wind farms can be considered to optimize space
utilization. Implementing offshore wind farms, for example, can increase the power gen-
eration capacity of hybrid systems by up to 15% compared to onshore installations, high-
lighting the potential benefits of exploring alternative approaches to address space limi-
tations [12].

Environmental considerations, particularly safety and the impact of nuclear energy
are crucial. Research should focus on advanced reactor designs prioritizing safety, waste
reduction, and passive cooling systems. For instance, by implementing passive cooling
systems, water consumption can be reduced by up to 60% compared to traditional cooling
methods. These advancements can help mitigate environmental impacts and ensure the
sustainable use of nuclear energy [13].

Supportive policy frameworks and regulatory mechanisms are vital in successfully
deploying nuclear-renewable hybrid energy systems. Research should analyze existing
policy barriers, propose economic incentives, and facilitate public acceptance through ef-
fective communication and stakeholder engagement. Statistical analysis indicates that
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countries with favourable policies and incentives for renewable energy have experienced
a 25% increase in adopting hybrid systems, creating an enabling environment through
appropriate policies and regulations [14].

Addressing these challenges and implementing the potential solutions outlined
above can contribute to the effective integration of nuclear and renewable energy sources,
leading to a more sustainable and resilient energy system. By prioritizing advanced grid
management, compact designs, environmental considerations, and supportive policy
frameworks, we can unlock the full potential of nuclear-renewable hybrid energy systems
and move towards a cleaner and more sustainable future.

Hence, this paper aims to assess the feasibility of implementing a Nuclear-Renewable
Hybrid Energy System (NRHES) in an Indonesian seaport. It includes estimating seaport
energy consumption, emissions, and carbon tax implications, conducting a case study,
and performing a comprehensive technical and economic analysis. The aim is to offer val-
uable information about the possibilities of incorporating sustainable energy in seaports
and to educate decision-makers about the advantages and obstacles associated with
adopting a Nuclear-Renewable Hybrid Energy System (NRHES).

2. Methodology

This paper aims to evaluate the potential of seaports as energy-intensive entities and
investigate the feasibility of implementing a Nuclear-Renewable Hybrid Energy System
(NRHES) in an Indonesian seaport. The methodology consists of three phases.

In the first phase, the paper estimates seaport operations' energy consumption, emis-
sions, and carbon tax implications. By quantifying these factors, the study seeks to provide
insights into the energy requirements, environmental impact, and potential costs related
to carbon taxation in seaports.

The second phase involves conducting a case study in an Indonesian seaport. The
case study examines energy consumption during berthing activities, calculates the corre-
sponding emissions, estimates the actual costs based on average electricity prices, and
analyzes potential carbon tax expenses by drawing upon examples from other countries.
This localized analysis provides valuable information on energy usage, cost implications,
and carbon tax considerations specific to seaport operations in Indonesia.

Lastly, a comprehensive technical and economic feasibility analysis of implementing
an NRHES in the seaport case study is performed in the third phase. The analysis employs
the HOMER software to simulate the required resources and components for the NRHES.
The technical analysis determines the optimal sizing and composition of components, con-
sidering the proportion of nuclear and renewable energy sources. Concurrently, the eco-
nomic analysis considers the energy cost and evaluates the net present cost of the pro-
posed NRHES, incorporating factors such as cash flow, return on investment, and internal
rate of return.

2.1. Seaport Energy Consumption, Emissions and Carbon Tax Implications

Estimating the energy consumption and emissions of seaports is a complex endeav-
our due to several factors, including the port's size, the types and quantities of vessels
utilizing the port, and the equipment utilized for loading and unloading operations.

One practical approach to estimating energy consumption in a port is by measuring
them per Twenty-foot Equivalent Unit (TEU). A TEU serves as a standardized unit of
measurement for cargo capacity in the shipping industry [15]. By quantifying the energy
consumption per TEU, a port can gain insights into the environmental implications of its
operations and actively track its progress in reducing its carbon footprint over time. It is
essential to recognize that the average energy consumption per TEU in seaports can vary
significantly. This variability is influenced by various factors, such as the type and size of
vessels navigating the port, the nature of the cargo being handled, the specific equipment
utilized during operations, and the overall efficiency of the port's logistical processes.
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For instance, larger vessels consume more energy than smaller ones. The type of
cargo being transported also plays a role, as certain goods may require specialized equip-
ment or handling procedures that consume additional energy. Moreover, the efficiency of
port operations, including optimized routing and streamlined logistics, can significantly
reduce energy consumption and emissions per TEU.

To accurately estimate seaports' energy consumption and emissions, it is essential to
consider these diverse factors and implement comprehensive data collection and analysis
methods. The International Association of Ports and Harbors (IAPH) conducted a global
survey for their Port Emissions Toolkit project. This study aimed to provide port operators
with valuable insights into the average carbon dioxide (CO2) emissions and energy con-
sumption per Twenty-foot Equivalent Unit (TEU) associated with different types of ships
during their berthing activities at seaports [16].

The IAPH Port Emissions Toolkit offers estimates considering emissions from a
ship's auxiliary engines. These engines power various onboard equipment, lighting, heat-
ing, and air conditioning, while the ship is docked at the berth.

Based on the findings of the IAPH Port Emissions Toolkit, the average energy con-
sumption per TEU for different ship types during berthing in seaports is as follows:

. Container ships: 12 kWh/TEU

. Ro-Ro ships: 3.5 kWh/TEU

. Bulk carriers: 2.5 kWh/TEU

. General cargo ships: 3.5 kWh/TEU

. Tankers: 2.5 KWh/TEU

These values provide port operators with valuable reference points regarding the en-
ergy consumption levels associated with specific ship categories while docking them at
seaports. By utilizing this information, port authorities can gain insights into the environ-
mental impact of different vessel types and work towards implementing strategies to re-
duce emissions and enhance energy efficiency in their operations.

In analyzing the environmental impact of maritime transportation during berthing
activities through the implementation of cold ironing, this study specifically focuses on
assessing emissions associated with the use of electricity sourced from the grid. Estimat-
ing emissions resulting from energy consumption poses a complex challenge due to the
intricate nature of energy systems, fluctuating emission factors, and limited data availa-
bility [17].

A diverse combination of energy sources characterizes Indonesia's electricity mix.
This mix encompasses fossil fuels, renewable energy, and hydroelectric power. The inclu-
sion of fossil fuels such as coal, 0il, and natural gas, alongside renewable sources like solar,
wind, and biomass, contributes to the overall composition of the country's energy produc-
tion. Furthermore, Indonesia has effectively harnessed hydroelectric power generation
potential using its abundant water resources [18].

Figure 1, presented in this paper, showcases historical data spanning the past 30
years, illustrating the energy production mix in Indonesia. It depicts the proportion of
each source technology and provides an overview of the total greenhouse gas emissions
generated within the energy sector.
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Energy Production and Greenhouse Gas Emissions in Indonesia
Source; Our World in Data based on the Global Carbon Praject (2023)

350 3.00E+08

250E+08

2.00E+08

1506408

ENERGY PRODUCTION [TWH]
TONS OF CO2 EQ

g
8

5.006+07

[
[l

I
‘° Hil
ennp R RRNNRRREE i I

1990 1991 1992 1993 1994 1995 1996 1997 1993 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
YEAR

0.00£+00

[ Other Renewables [TWh] 5 Bioenergy (TWh] Solar [TWh] 5 Wind [TWh] Sl Hydro [TWh] (B Gl [TWh] S Gas [TWh] [ Coal [TWh] Carban Dioxide Emissions [1C02)

Figure 1. Energy Production and GHG Emissions in Indonesia

In order to estimate the emission factor, which quantifies the greenhouse gas emis-
sions per kilowatt-hour consumed, this study took into account the latest updated values
corresponding to the year 2019. Figure 2 provides a detailed overview of the energy mix
in Indonesia in 2019, indicating the percentage of each energy source. According to the
Ember Yearly Electricity Data (2020), Indonesia's total energy production in 2019 was 295
billion kWh [18], with emissions associated with this production reaching 258 million tons
of CO2eq [19]. As a result, the emission factor calculated was 0.875 kg of CO2 equivalent
per kilowatt-hour.

Energy Mix in Indonesia in 2019
Source: Our World in Data based on the Global Carbon Project
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Figure 2. Energy Mix in Indonesia in 2019

In order to tackle the environmental consequences associated with energy consump-
tion, policymakers and economists have put forward different approaches, including im-
plementing a carbon tax. A carbon tax involves charging a fee based on the carbon content
of fossil fuels or the carbon dioxide emissions produced during combustion. The objective
is to ensure that the cost of goods and services accurately reflects the societal impact of
their carbon emissions.

The fundamental idea behind a carbon tax is to create a financial incentive for indi-
viduals, businesses, and industries to reduce their carbon footprint. Putting a price on
carbon emissions encourages the adoption of cleaner and more sustainable energy sources
and promotes energy efficiency measures [20].

Carbon taxes have been implemented in several countries and regions around the
world. For example, Sweden introduced a carbon tax in the early 1990s, which has helped
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the country reduce its carbon emissions while maintaining economic growth. British Co-
lumbia in Canada and the European Union have also implemented carbon pricing mech-
anisms.

Figure 3 shows a graph depicting the evolution of carbon tax in several energy sys-
tems over the past years, while Table 1 presents the minimum, maximum, and average
prices of these systems [21].

$/ton

100

80

.

01/01/2010 01/01/2015 01/01/2020

Figure 3. Carbon Tax — ICAP Allowance Price [USD per ton of CO2eq]

Table 1. Carbon Tax — Minimum, Maximum, and Average Price over the period

Location Minimum Maximum Average Price
[USD/tCO2] [USD/tCO2] [USD/tCO2]

Europe $ 2.92 $ 96.21 $ 23.63
California $ 10.09 $ 30.85 $ 16.45
Quebec $ 10.75 $ 39.68 $ 21.51
Ontario $ 17.38 $ 18.86 $ 18.33
New Zealand $ 16.50 $ 21.55 $ 19.06
South Korea $ 20.00 $ 28.00 $ 21.39
Switzerland $ 7.50 $ 8.00 $ 7.75
China $ 5.80 $ 8.59 $ 7.65
Germany $ 25.00 $ 30.00 $ 29.22
Washington $ 48.50 $ 48.50 $ 48.50

2.2. Case Study: Energy Usage and Cost Considerations in an Indonesian Seaport

Case studies hold significant importance in energy systems for various reasons. They
provide valuable insights into the complexities of real-world energy systems, shedding
light on the interactions between different components and factors. By examining actual
scenarios, case studies offer a deeper understanding of the challenges and opportunities
specific to different energy systems, technologies, and regions.

In this study, we focused on the Tanjung Priok Port, one of Southeast Asia's busiest
ports. It handles a significant cargo volume and serves as a vital economic hub for the
region. However, the port heavily relies on conventional energy sources, such as fossil
fuels, leading to air pollution, greenhouse gas emissions, and energy vulnerability.

According to the Indonesia Port Corporation, an expansion project is in progress aim-
ing to increase the total annual capacity to 15.2 million TEUs. Additionally, the port has
facilities to handle various types of cargo, including RoRo, bulk, general cargo, and liquid
cargo [22]. Based on the characteristics of the port and historical operations, certain as-
sumptions were made to determine the percentage of each vessel type used in the port:
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. Container ships: the most common type of vessel calling at seaports world-
wide, and it makes up a significant share of the throughput at a port with a capacity of
15.2 million TEUs. Assuming container ships account for 80% of the port's throughput,
they would handle approximately 12.16 million TEUs annually.

. RoRo ships: are commonly used to transport vehicles, heavy equipment, and
other rolling stock, and they would likely make up a smaller share of the port's through-
put compared to container ships. Assuming that RoRo ships account for 5% of the port's
throughput, they would handle approximately 760,000 units annually.

. Bulk carriers: are typically used to transport raw materials such as iron ore,
coal, and grain, and they would likely make up a smaller share of the port's throughput
compared to container ships and RoRo ships. Assuming that bulk carriers account for 10%
of the port's throughput, they would handle approximately 1.52 million metric tons an-
nually.

. General cargo ships: are used to transport a range of non-containerized goods,
including project cargo and breakbulk cargo. Assuming general cargo ships account for
4% of the port's throughput, they would handle approximately 608,000 metric tons annu-
ally.

. Tankers: are used to transport liquid bulk cargoes such as petroleum and crude
oil products, and they would likely make up a smaller share of the port's throughput com-
pared to container ships and bulk carriers. Assuming tankers account for 1% of the port's
throughput, they would handle approximately 152,000 metric tons annually.

Using the capacity of 15.2 million TEUs per year, we can estimate the annual energy
consumption for each ship type based on the given shares and the factors from the IAPH
Port Emissions Toolkit, presented in Table 2.

Table 2. Estimation of Energy Consumption in Tanjung Priok Port - Indonesia

Tanjung Priok Port Consumption per = Annual Consump-

Type of Ship (Capacity Break- TEU tion
down) [KkWh/TEU] [kWh/year]

Container Ships 80% 12 1.46E+08
Bulk Carriers 10% 3.5 5.32E+06
RoRo Ships 5% 2.5 1.90E+06
General Cargo Ships 4% 3.5 2.13E+06
Tankers 1% 25 3.80E+05
Total: 1.56E+08

Furthermore, to evaluate an economic analysis, this study considered the mean elec-
tricity price in Indonesia. Based on data from GlobalPetrolPrices, the average cost of elec-
tricity in Indonesia for large businesses in 2022 was recorded as 0.075 US Dollars per kil-
owatt-hour (kWh), encompassing all elements of the electricity bill, including power gen-
eration, distribution, and taxes [23].

For comparison with the proposed system, this paper examines the Actual System,
which assumes the absence of an N-R HES installation. In this scenario, all the energy
supplied to the port is sourced solely from the existing energy grid in Indonesia. By con-
sidering the previously determined emission factor, the average electricity price, and the
estimated annual energy consumption of the Tanjung Priok Port, it becomes feasible to
calculate the total greenhouse gas emissions generated by the port and the corresponding
annual cost paid to the grid for the consumed energy.

The calculation of the total greenhouse gas emissions follows a specific formula,
which is (1):

GHG = E * GHG;
1)

where:
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GHG: Total emission of greenhouse gases;
E: Annual energy consumption;

GHGy: Greenhouse Gas Emission factor.

C =E*COE (2)
where:
C: Total cost paid to the utility grid;
E: Annual energy consumption;

COE: Electricity price.

By employing numerical values, it can be determined that the cumulative emission
of greenhouse gases amounts to 136.5 million metric tons of carbon dioxide equivalent.
Additionally, the overall expense incurred concerning the utility grid company amounts
to 11.7 million USD.

2.3. Nuclear-Renewable Hybrid Energy System in the Seaport Case Study

This case study aims to examine the feasibility and potential advantages of combin-
ing nuclear power with renewable energy sources to establish a Hybrid Energy System
for Tanjung Priok Port. This integrated system aims to offer a reliable, clean, and cost-
effective energy supply for the port's operations while minimizing its environmental im-
pact. Figure 4 depicts the schematic of the system, comprising a Small Modular Reactor
as the primary baseload energy source. Additionally, auxiliary renewable sources such as
wind and solar systems and a hydrogen production system through electrolysis are incor-
porated. This hydrogen production system stores excess energy and provides power
when needed.
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Figure 4. N-RHES System Schematic

2.3.1. Nuclear Power Plant

Nuclear power provides a steady, carbon-free energy source that delivers a con-
sistent baseload power supply. The case study will evaluate the viability of constructing
a small modular reactor (SMR) at the port, which can be adjusted in size based on the
energy demand. SMRs are considered safer, more adaptable, and more suitable for local-
ized applications, making them an appealing choice for Tanjung Priok Port.
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Estimating the cost of implementing Small Modular Reactors (SMRs) presents several
challenges due to various factors. The diverse design options of SMRs make it difficult to
provide generalized cost estimates. Each SMR design, size, and configuration has unique
cost drivers and complexities. Additionally, the lack of historical cost data due to limited
operating experience with SMRs further complicates accurate cost estimation based on
past performance.

Including licensing and regulatory procedures for Small Modular Reactors (SMRs)
brings uncertainties that compound the difficulties in estimating costs. Furthermore, site-
specific factors play a significant role in the variations in costs. Considerations such as
land acquisition, site preparation, infrastructure availability, and environmental assess-
ments require comprehensive site evaluations to attain accurate estimations. Furthermore,
financing and project management pose challenges due to the perceived risks associated
with new technologies. Effectively financing SMR projects and managing capital costs,
interest rates, and financing terms require careful consideration to overcome these chal-
lenges.

Addressing these challenges requires collaboration among various industry stake-
holders, including reactor vendors, engineering firms, regulators, and project developers.
Through continuous research, development, and deployment of SMRs, coupled with op-
erational experience gained from early projects, we can improve cost estimation models
and better understand the specific cost drivers involved in SMR implementation.

It is important to highlight that this study utilized specific parameters from larger
nuclear plants [24] and adjusted them to create a generic model based on the proposed
power capacity, as summarized in Table 3. However, these estimates are for purposes only
and may not precisely represent the actual costs linked to a Small Modular Reactor (SMR).

Table 3. Nuclear Reactor Parameters

Description Value Unit
Fuel Type Uranium
Capacity 1000 kw
Capital Cost 4000 $/kW
Refurbishment Cost 2500 $/kW
O&M Cost 16 $/MWh
Fuel Cost 1390 $/kg
Lifetime 60 Years

2.3.2. Additional Components

The case study will also assess the integration of various renewable energy technol-
ogies to complement the nuclear power component. Indonesia's abundant solar and wind
resources present a promising opportunity for the deployment of these renewable
sources. Solar panels can be installed on the port's rooftops and open areas, while wind
turbines can be strategically positioned to harness the coastal winds.

In addition, effective integration of a Nuclear-Renewable Hybrid Energy System re-
quires viable energy storage and grid integration solutions. The case study will assess the
utilization of hydrogen as an energy storage medium, which utilizes excess energy gen-
erated by nuclear and renewable sources to operate an electrolyser, which produces hy-
drogen from water. The hydrogen is subsequently stored in a tank and can be converted
back into electricity using a fuel cell.

The technical and economic parameters of the components employed in this study
were derived from literature sources. These values were utilized to determine the optimal
scenario by considering crucial indicators such as Present Net Cost and Cost of Energy.
Table 4 presents the parameters for the Solar and Wind Systems, encompassing the max-
imum size limit for each system, along with investment cost, replacement cost, mainte-
nance cost, and expected lifetime.
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Table 4. Solar and Wind System Parameters

Solar System Wind System
Description Value Unit Description Value Unit
Upper Limit Size 2000 kW Upper Limit Size 2000 kw
Investment Cost 640 $/kW Investment Cost 1130 $/kW
Replacement 640 $/kW Replacement 1130 $/kW
O&M Cost 9 $/kW/year O&M Cost 48 $/kW/year
Lifetime 30 Years Lifetime 30 Years
Upper Limit Size 2000 kW Upper Limit Size 2000 kw
Investment Cost 640 $/kW Investment Cost 1130 $/kW

Table 5 provides the parameters for the hydrogen system, including those for the fuel
cell generator and the DC converter.

Table 5. Hydrogen System Parameters

Fuel Cell System Converter DC

Description Value Unit Description Value Unit

Upper Limit Size 2000 kW Upper Limit Size 1600 kw
Investment 2500 $/kW Investment 300 $/kW
Replacement 2500 $/kW Replacement 300 $/kW

O&M Cost* 3.65  $/kW/year Efficiency 95 %

Lifetime 6 Years Lifetime 15 Years

Upper Limit Size 2000 kW Upper Limit Size 1600 kw
Investment 2500 $/kW Investment 300 $/kW

2.3.3. Economic Analysis

The study utilized the HOMER Pro software, a valuable tool for sizing power gener-
ation systems incorporating multiple energy sources. This software enables accurate op-
timization procedures by conducting hourly simulations of energy flow for the load and
other system components. It also provides estimates for initial installation and operating
costs and recommended economic indicators for proper economic analysis. Factors such
as project lifespan, prices, and power ratio of solar modules, inverters, and wind turbines
are considered in the analysis. These features make HOMER Pro a reliable choice for siz-
ing power generation systems. The software calculates various economic factors, includ-
ing the Net Present Cost (NPC), which represents the combined cost of installing and op-
erating the system over its expected lifetime, and the Cost of Energy (COE), which indi-
cates the average cost per kilowatt-hour of electrical energy generated by the system [25].

Additionally, this paper presents the Cash flow analysis, an essential tool in invest-
ment analysis. Cash flow analysis examines the inflows and outflows of cash associated
with an investment project, providing insights into profitability, liquidity, capital ex-
penditure, and return on investment (ROI). It evaluates the project's financial perfor-
mance, helping to determine its profitability and liquidity and enabling better financial
planning and risk management.

3. Simulation and Results

The proposed microgrid design was first simulated using HOMER Pro software,
which offers a variety of simulation outcomes for assessing its performance. This software
generates comprehensive reports and graphical representations, summarizing the simu-
lation results and offering valuable insights into the microgrid's functionality. These in-
sights include energy balance, cost analysis, performance metrics, and sensitivity analysis.
Figure 5 shows the system schematic used in this work.
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Based on the economic and technical input presented previously in Tables 3, 4 and 5,
the software presented several possible scenarios that vary each energy source's capacity
power, affecting the economic analysis. Figure 6 presents a graph that displays five sce-
narios, with the best scenario on the left and progressing toward the right. It represents
different combinations of Solar, Wind, and Nuclear energy sources. The best scenario, lo-
cated on the left side of the graph, is determined based on its energy cost, which is $0.105
per kilowatt-hour (kWh). It is the most cost-effective option among the five scenarios.
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Figure 6. System Simulation Scenarios - HOMER Pro

In terms of installed power distribution, the best scenario consists of 48% nuclear,
71% solar, and 5% wind energy. This configuration reflects the optimal mix of energy
sources for power generation. Considering the production capacity share, the best sce-
nario shows that 78.34% of the total energy production capacity comes from nuclear en-
ergy, followed by 21.41% from solar energy, and 0.25% from wind energy, as shown in
Figure 7.
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Figure 7. Winning System Details — Simulation Results HOMER Pro

The graphs allow for a visual comparison of the different scenarios, helping decision-
makers assess each option's cost-effectiveness, installed power, and production capacity.
It aids in selecting the most suitable energy system option based on these factors.

The chosen scenario was identified as the most effective option for further analysis
in this study. Detailed parameters for each component of the selected system are pre-
sented in Table 6.

Table 6. System Architecture

Component Size Unit
Small Modular Reactor 25,000 kW
Fuel Cell Generator 11,000 kW
PV Solar System 26,430 kW
Wind Turbine 10kW 100 ea.
Converter DC 2,905 kW
Electrolyser 10,000 kW
Hydrogen Tank 100,000 kg
Dispatch Strategy HOMER Cycle Charging

3.1. Cash Flow Analyss

Cash flow analysis is vital for evaluating the economic feasibility of energy systems.
It considers the time value of money and enables decision-makers to assess cash flow var-
iability, mitigate risks, and make informed choices. Stakeholders can select the most eco-
nomically attractive and sustainable energy system option by considering financial and
technical aspects.

For comparison, we will use a hypothetical scenario called the Conventional Sce-
nario, which does not incorporate the proposed system. In this scenario, the Tanjung Priok
Port consumes electricity directly from the utility grid, resulting in a cost for the port.
Additionally, this energy consumption from the grid contributes to greenhouse gas emis-
sions. The values of the electricity price and emission factor were previously presented in
the methodology. To create a cash flow for this scenario, we considered a hypothetical
annual inflation rate of 4.5% and included carbon taxation. Various values for carbon tax-
ation were simulated to observe their impact on the outcome.

On the other hand, for the cash flow of the proposed system, we considered all costs
associated with each component, including capital costs, operation and maintenance
costs, and replacements. In creating the cash flow, this paper considered the income gen-
erated by the system, which represents the reduced need to consume electricity from the
grid and potentially eliminates the need to pay any carbon taxation. The same inflation
rate of 4.5% was also applied to the proposed system.
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This work considered three different analyses over 40 years. The first analysis, as
depicted in Figure 8, disregards carbon taxation. In this scenario, the system yielded a
return on investment of 14 years. From the investor's perspective, maintaining the con-
ventional system would result in an expenditure of over 1.32 billion USD by the end of
the analyzed period. Conversely, if the proposed system is implemented, the investment
would have returned after 14 years, resulting in a positive cash flow of 925 million USD
at the end of the period.
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Figure 8. Cash Flow Analysis without Carbon Tax

Another scenario was considered, which incorporates a carbon tax of $30 per kWh,
as illustrated in Figure 9. The introduction of carbon taxation leads to an increase in the
cost of consuming electricity directly from the grid. In this scenario, the investment shows
a return on investment of 11 years, resulting in a positive cash flow of 1.8 billion USD at
the end of the period. Conversely, if the conventional system is considered, the port would
have incurred expenditures of over 2.2 billion USD by the end of the period. Table 7 pro-
vides detailed values for both scenarios.
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Figure 9. Cash Flow Analysis with Carbon Tax

Table 7. Cash Flow Analysis - Results

Carbon Tax Return on Cash Accumulated Over Period
Analysis Assumption Investment
[$/tCO2] [years]
1 - 14 -1,320,306,244.87 925,810,285
30 11 -1,782,413,430.57 1,387,917,470

Conventional [USD] Proposed [uSD]

4. Conclusion
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Reducing maritime sector emissions is paramount, and one promising solution is
cold ironing, which eliminates emissions while ships are berthed. However, for this ap-
proach to be truly impactful, it must ensure that emission-free energy sources supply
shore power. The Nuclear-Renewable Hybrid Energy System (N-RHES) emerges as an
up-and-coming alternative capable of providing reliable and sustainable energy.

While the N-RHES presents numerous benefits, its implementation has specific chal-
lenges that must be addressed. These challenges include grid integration, the develop-
ment of a suitable regulatory framework, space constraints, and the establishment an ef-
ficient management system. Overcoming these obstacles is essential for the successful de-
ployment of N-RHES projects.

A case study conducted in a port in Indonesia demonstrated the feasibility of imple-
menting an N-RHES. The proposed system utilized nuclear power as a base load, supple-
mented by solar and wind as flexible energy sources. Moreover, surplus energy from the
system was converted into hydrogen using an electrolyzer, providing an energy storage
solution. The case study results indicated that the proposed N-RHES was technically fea-
sible, and from an economic perspective, it presented a promising investment oppor-
tunity.

Although the proposed system's energy cost was slightly higher than the current
electricity price ($0.10 compared to $0.075), considering the cash flow and the economic
benefits derived from not relying on the utility grid, the system proved highly profitable.
Furthermore, an additional scenario was considered by incorporating the future possibil-
ity of a carbon tax. This analysis demonstrated that the proposed system would become
even more attractive and financially viable if such a tax were implemented.

Finally, it is crucial to highlight the environmental importance of the proposed N-
RHES. By avoiding using the utility grid and the associated emissions from fossil fuel
consumption, this system significantly reduces carbon emissions and promotes a cleaner
and more sustainable maritime sector.

To sum up, implementing an N-RHES offers a viable and promising solution for de-
creasing emissions in the maritime sector. Although challenges exist, the case study show-
cased such a system's technical feasibility and economic viability. With its potential for
reliable and sustainable energy generation, the N-RHES represents a critical step towards
a greener future for the maritime industry.

To further enhance our understanding and inform future analyses, it is highly rec-
ommended to undertake comprehensive investigations involving the variation of invest-
ment costs in the proposed Nuclear-Renewable Hybrid Energy System (N-RHES). The
cost of implementing an energy system is intricately influenced by many factors, includ-
ing but not limited to equipment procurement, construction expenses, technological ad-
vancements, regulatory requirements, and operational and maintenance costs. By delving
into the sensitivity analysis of these cost-related factors, we can gain invaluable insights
into the financial viability and long-term sustainability of the N-RHES.
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